Inherited optic neuropathies (ION) present an important cause of blindness in the European working-age population. Recently we reported the discovery of four independent families with deep intronic mutations in the main inherited optic neuropathies gene OPA1. These deep intronic mutations cause mis-splicing of the OPA1 pre-messenger-RNA transcripts by creating cryptic acceptor splice sites. As a rescue strategy we sought to prevent mis-splicing of the mutant pre-messenger-RNA by applying 2′O-methyl-antisense oligonucleotides (AONs) with a full-length phosphorothioate backbone that target the cryptic acceptor splice sites and the predicted novel branch point created by the deep intronic mutations, respectively. Transfection of patient-derived primary fibroblasts with these AONs induced correct splicing of the mutant pre-messenger-RNA in a time and concentration dependent mode of action, as detected by pyrosequencing of informative heterozygous variants. The treatment showed strong rescue effects (~55%) using the cryptic acceptor splice sites targeting AON and moderate rescue (~16%) using the branch point targeting AON. The highest efficacy of Splice correction could be observed 4 days after treatment however, significant effects were still seen 14 days post-transfection. Western blot analysis revealed increased amounts of OPA1 protein with maximum amounts at ~3 days post-treatment. In summary, we provide the first mutation-specific in vitro rescue strategy for OPA1 deficiency using synthetic AONs.
Introduction
Inherited optic neuropathies (ION) are a major cause of hereditary blindness in infants of Western populations with currently no causative treatment available. Apart from mutations in the mitochondrial genome causing Leber's hereditary optic neuropathy, in total six nuclear genes have been identified to cause nonsyndromic optic neuropathies: OPA1 (refs. 1,2), OPA3(ref. 3) , OPA7 (TMEM126), 4 ACO2(ref. 5) , WFS1 (refs. 6,7) , and RTN4IP1(ref. 8) . The large GTPase OPA1 is anchored to the inner mitochondrial membrane and has been ascribed to participate in various functions, including mitochondrial DNA maintenance, 9 tethering of the cristae junctions 10 and most importantly: fusion of the inner mitochondrial membrane. 11 Molecular analyses of patients with heterozygous OPA1 mutations suggest haploinsufficiency as the most predominant pathomechanism underlying OPA1 associated retinal ganglion cell loss in affected subjects. 12 Although OPA1 accounts for more than 60% of all cases in dominant optic atrophies, 13 the remaining share of cases is not necessarily explained by mutations in novel genes. We could recently show that some of these unresolved IONs result from deep intronic point mutations (DIMs) in OPA1 (ref. 14) . The mutations c.610 + 360G>A and c.610 + 364G>A (nucleotide positions referring to transcript NM_130837. 1) found in four independent families are located within intron 4b of OPA1 and each activate a cryptic splice acceptor site and one of two pre-existing splice donor sites (Figure 1 ) causing the inclusion of intronic sequences between exons 4b and 5 of the mutant mRNA. By allelic discrimination on the transcript level we could demonstrate that mis-splicing is constitutive for the mutant alleles while correctly spliced OPA1 transcripts exclusively derive from the alternate alleles. Both DIMs induce premature termination codons (see Supplementary Figure S1 ) and we have demonstrated by puromycin treatment of patient-derived fibroblasts that these stop codons induce nonsense-mediated mRNA decay. Furthermore, we could show reduced steady-state levels of the mutant transcript in fibroblasts of patients with the c.610 + 364G>A along with a marked reduction of OPA1 protein levels compared with controls (In the following we refer to c.610 + 364G>A as: DIM 364).
Antisense oligonucleotides (AON) are single stranded 8-50mer DNA or RNA molecules that engage in Watson-Crick basepairing with (pre-)mRNA or DNA and have attracted attention as target-specific drugs. Depending on target site and backbone chemistry, these AONs either induce RNAseH dependent degradation of the bound transcript or prevent ribosomal/spliceosomal recognition of the binding site, causing translational block and exon skipping, respectively. For a comprehensive review on AON chemistry, mechanisms and medical relevance see Sharma and Watts (2015) Currently, only two antisense-based therapeutics have been approved by the FDA, both of which function via an RNAseH mediated mechanism. 16, 17 Concerning splice-switching AONs, Drisapersen and Eteplirsen, chemically modified AONs that induce skipping of mutant exon 51 in the Duchenne Muscular Dystrophy (DMD) gene have reached clinical trials for the treatment of DMD. 18, 19 Furthermore, splice-switching AONs may be used to suppress inclusion of cryptic exons activated by DIMs. This approach has been proven efficient in earlier in vitro studies targeting retinal disease mutations e.g., the DIM c.2991 + 1655A>G in CEP290, a common mutation associated with Leber congenital amaurosis. 20, 21 In this study, we designed and evaluated two AONs that efficiently prevent mis-splicing of OPA1 DIM-transcripts in patient-derived primary fibroblasts, resulting in increased levels of correctly spliced transcripts and an elevated amount of OPA1 protein. In the context of haploinsufficiency being the most common pathomechanism in OPA1-associated optic atrophy, our study provides proof of concept for AON technology to facilitate increasing OPA1 protein levels in DIM carriers, which is expected to have therapeutic effects.
Results

Design of antisense oligonucleotides
In order to overcome mis-splicing induced by DIM 364, we designed two different AONs: The AC AON (5′-CCGCGCC UGGCCGGAAAACAAAUUUA-3′) targets the cryptic acceptor site in the vicinity of DIM 364, whereas the BP AON (5′-UGUC AACCAUGACAGGGCAGAUGAGAC-3′) was meant to cover two putative branch point adenosines located 30 base pairs (bp) and 42 bp upstream of DIM 364 (Figure 1) . As the mutation is located 5 bp downstream of the 5′end of a highly abundant Alu element, we refrained from targeting pseudoexon-internal sequences or the two alternative cryptic donor sites, both of which are located deeply within this Alu element. The off-target search listed the following features: binding of +strand or -strand, name of involved gene, position of binding site relative to gene (intergenic, intronic, and exonic), distance to nearest exon, number of mismatches and genomic position. Apart from the unmutated compound allele of OPA1 (1 mismatch (MM) for AC AON, no MM for BP AON) the search did not uncover any off-targets for BP AON, however, it listed 11 further off-target binding sites for AC AON (see Supplementary Table S1 ). Six off-targets are on the antisense strand (with respect to the gene locus), the remaining six off-targets were: OPA1 (intronic, 1 MM), CEP128, RNU6-42P (both intronic, 3 MM), SCGB1D1, FAM21FP and SNORA51 (all three intergenic, 3 MM). All sense-strand binding sites are located far from adjacent exons (CEP128: 33172 bp, RNU6-42P: 4667 bp, SCGB1D1: 5696 bp, FAM21FP: 1122 bp, SNORA51: 7546 bp) but overlap with the 5′ends of Alu elements. To discriminate between specific and unspecific effects of the AON transfection we performed parallel experiments with a nontarget control AON (CON AON: 5′-CCUCUUACCUCAGUUACAAUUUAU-3′). Transfection efficiencies were determined using labeled AONs and 4,6-diamidino-2-2-phenylindole (DAPI) staining. Nuclear colocalization was observed in an average of ~54% of the cells (data not shown).
AC and BP AONs restore correct splicing of mutant allele
We transfected confluent patient-derived primary dermal fibroblasts (family OAK 587, patient II:2 carrying DIM 364 in heterozygous state) using the AC AON, BP AON and CON ( Figure 2b) . The initial slope reflects the rapid AON-uptake and intracellular delivery. The strongest rescue effect was measured after 4 days with ~55% of splice-corrected transcripts (P < 0.001). The effect slightly declined by day 8. The half-maximum efficiency level of 27.5% is reached ~10 days post-transfection and decreases to as low as 7% after 16 days. By 1 month after treatment, at the latest, the effect of the AONs has faded, which can be considered as the combined consequences of AON degradation and cell division of transfected and nontransfected cells.
AC AON suppresses mis-splicing in different mutation carriers
To further prove the efficacy and reliability of this approach and to evaluate possible confounding effects due to differences in the genetic background, we assessed and compared splice correction in fibroblast cultures of a total of five individual subjects harboring the same DIM but of different age and gender, namely, the three affected siblings of family OAK 587 (II:1, II:2, and II:3) as well as their unaffected mother (I:2) and another male patient of the unrelated family OAK 302. All cell lines were also heterozygous for rs7624750 in OPA1 exon 4. Upon transfection with AC AON (20 nmol/l and 48 hours culturing), all fibroblast lines responded with relatively uniform splice correction efficiencies (Figure 2c ).
Increased OPA1 protein levels upon AC AON treatment
We wondered whether rescuing the splicing defect of mutant allele-derived transcripts likewise results in a higher OPA1 protein abundance. Indeed, semiquantitative Western blot (Figure 2d ) revealed an increase of 35% for OPA1 protein normalized to the mitochondrial matrix protein HSP60 (P = 0.050) and a 36% increase normalized to cytoplasmic BETA-ACTIN (P = 0.080). OPA1 protein ratios showed similar increases when compared with HSP60 and BETA-ACTIN but without significance in the second comparison. This might be explained by the variability observed between the samples. Treatment was compared with cultures transfected with the nontarget CON AON (Figure 2e) . Treatment of age, gender, and passage matched control fibroblasts showed no alteration in OPA1 levels with either AON (Figure 2f ).
Discussion
In this study, we could demonstrate functional rescue of a deep intronic point mutation in the human OPA1 gene by in vitro transfection of patient-derived fibroblasts with antisense oligonucleotides. This represents the first AON-based splice correction of a DIM in a mitochondriopathy. Two different AONs, designed to cover either the cryptic splice acceptor site or the predicted cryptic branch point, efficiently suppressed DIM 364-induced mis-splicing and restored normal splicing between exon 4b and exon 5 of OPA1. The relative amounts of wildtype versus mutant transcripts were measured using pyrosequencing-based allelic discrimination at a common SNP. This approach represents a novel and efficient way to precisely quantify the efficacy of AON-mediated splice correction. The efficiency of splice correction was concentration-and time dependent and significantly higher with the AC AON compared with the BP AON. The applied concentrations perfectly fall within the range of previously reported functional AONs. 21, 24, 25 The highest amount of corrected mutant transcripts was at around 55% (20 nmol/l, 4 days post-transfection). Considering that a fully functional allele contributes ~50% to the gene's overall transcripts, a 55% restoration of the mutant allele corresponds to 27.5% of total transcripts, indicating a shift from 50% (only WT allele) to 77.5% (WT allele + corrected transcripts from mutant allele) of correctly spliced OPA1 mRNAs (Figure 3) . This amount is probably sufficient to overcome threshold levels of OPA1 that are associated with disease manifestation. A nontarget control AON had no detectable effect. AON-mediated splice correction could be proven in fibroblasts of mutation carriers of different ages and gender with similar efficiency, an important prerequisite for therapeutic strategies based on AON technologies.
Correctly spliced transcripts from the mutant allele were most abundant between days 2-4 post-transfection and decreased by a factor of ~8 until day 16. We cannot exclude that this decrease in corrected transcripts is partly caused by dilution effects due to ongoing cell division during extended culturing periods. Therefore, we reason that AON-mediated rescue might be more long-lasting in nondividing cells like retinal ganglion cells, the primary target cell population for therapy in OPA1-associated optic atrophy. Although patients would be required to receive therapeutic AONs repeatedly during their entire lifetime, the time intervals between repeated administrations of full-length phosphorothioate AONs might be weeks or months as indicated by experiments with exon-skipping AONs applied for DMD 26 and for CEP290 (refs. 27,28).
We observed strong cytotoxicity with high AON doses of 250 nmol/l and mild toxicity with 90 nmol/l. Some toxic effects at lower doses appeared only upon longer culturing periods, whereas the nontarget CON AON caused less toxicity at the same doses. Although AON-blocking of intronic long-distance interactions has been reported to interfere with canonic splicing 29 , none of the predicted offtarget genes was reported in context with cytotoxicity or human disease and the number of mismatches render offtarget binding unlikely. The mechanism of toxicity therefore remains elusive. Partial low-affinity interactions of the AON with many independent Alu off-targets might still cause toxicity in a cumulative manner. However, in order to assess the actual biochemical cause for cytotoxicity, further investigations need to be undertaken.
The observed increase of functional OPA1 transcripts upon AON treatment could be confirmed on the protein level using Western blotting. Relative quantification of OPA1 demonstrated an increase of OPA1 levels of around 35%.
In summary, we could show an AON-mediated rescue of a deep intronic point mutation that essentially rescues a fully penetrant splice defect and results in a prominent increase in correctly spliced OPA1 mRNA and protein in patient-derived fibroblasts. AONs as therapeutic drugs have several clear advantages such as easy production and full chemical synthesis devoid of any sources of biological contaminations. Moreover, AONs are small molecules that easily penetrate into tissues and are taken up by neurons without complex chemical formulations or packaging vehicles. 30 For its application to treat optic atrophy and thus targeting retinal ganglion cells an administration through intravitreal injection can be envisaged. Another advantage of AON over classical gene therapy approaches is the possibility to discontinue treatment at any time, in case of side-effects which may occur. However, an indispensable prerequisite for a translation into clinical use is a further investigation of the subcellular effects of AON treatment on mitochondrial fragmentation, Cristae remodeling and susceptibility to proapoptotic stimuli, followed Figure 3 Pyrosequencing assay for detection of correctly spliced transcript in fibroblasts of patients with the c.610 + 364G>A mutation. The N158S-forward primer binds in exon 3, the N158S-biot-reverse primer at the junction of exon 4b and exon 5. This primer setting exclusively amplifies cDNA of correctly spliced OPA1 transcripts (top bar, wildtype allele) but no transcripts with retained cryptic exon c between exons 4b/5 (middle bar, mutant allele, and upper pyrosequencing scheme). The sequencing primer (N158S-seq) binds two bases upstream of the heterozygous SNP rs7624750 in exon 4. The A allele of rs7624750 cosegregates with the mutation and cannot be detected in cDNA from mutant untreated cells using this assay. Upon AON treatment, cryptic exon c is skipped and the mutant transcript can be amplified (lower bar) and hence its allelic contribution can be measured via pyrosequencing (lower left scheme). A relative ratio of 35.3% versus 64.7% (A-allele versus G-allele) corresponds to a rescue of 55% of all mutant alleles in the cDNA of treated fibroblasts (example), which corresponds to a shift of total correctly spliced OPA1 mRNA of 77.5% (lower graph) For further graphical illustration of the principle compare Supplementary Figure S2 . AON, antisense oligonucleotides; cDNA, complementary DNA. by biochemical assessment of toxicity and off-target interactions. Additionally, preclinical testing in animal models with homologous mutations is needed to uncover efficacy and toxicity. Yet recent studies showed that recognition of cryptic exons is not necessarily conserved even among mammalian species. 31 A major limitation of the AON-based exon skipping technology is given through its narrow spectrum of mutations that are targeted. This specificity for a defined sequence context reduces the number of treatable patients to a few individuals, unless a certain DIM is highly prevalent in the patient population due to a founder effect, as e.g., in CEP290-associated Leber congenital amaurosis.
This proof of concept study therefore, further highlights the importance of molecular genetic intron analyses in patient cohorts, as it provides not only the potential to uncover pathogenic mutations in unsolved ADOA families but inherently opens up possible therapeutic strategies.
Materials and methods
Antisense oligonucleotide design and composition. AONs were designed following recommendations of Aartsma-Rus and colleagues, 32 including bioinformatic tools to estimate the efficiency of potential splice-blocking AONs. We computed AON secondary structure (software: mfold ) and averaged single strand counts across the AON binding site (ss-count, mfold-software). In order to find and score potential off target sites of AC AON and BP AON, we used a customized script that aligned the AON sequences against the human genome (GRCh38) using Burrows-Wheeler indexing, implemented in Bowtie 36 and the standalone version of CCtop 37 without filtering for Protospacer adjacent motif (PAM) motives, conserved core sequences or sequence length restrictions. As Aartsma-Rus and colleagues have shown for AONs with 2′O-methyl-phosphorothioate backbone, three single-base mismatches prevent successful AON-target interactions. 38 Therefore we allowed three mismatches in our off-target search (Source code and instructions upon request). The AONs were synthesized by Metabion International AG (Planegg, Germany). As experimental control, we used a control oligonucleotide (CON AON) with the same chemical modifications and similar length (adapted from Gene Tools' "standard control oligo") (Gene Tools LLC, Philomath, OR). All AONs were oligoribonucleotides containing 2′O-methyl groups and a full-length phosphorothioate backbone for nuclease protection. For estimation of overall transfection efficiency, we used fluorescence-labeled versions of the CON AON with an Atto-550 dye group attached to the 5′ end during synthesis but keeping all other chemical modifications as for the nonlabeled oligonucleotides. AONs were diluted in 5 mmol/l Tris-HCl pH 7 and applied in different concentrations with polyethylenimine for transfection.
Cell culture, transfection, and RNA isolation. Primary dermal fibroblasts from patients and controls were grown in Dulbecco's modified Eagle's medium (DMEM), with 10% fetal calf serum (FCS) and 1% penicillin-streptomycin (PenStrep) (10,000 U/ml). The cells from patients OAK 302-index and OAK 587-I:2 were heterozygous for DIM 364, whereas the cells from patients II:1, II:2, and II:3 of the same family were compound heterozygous for DIM 364 and the variant c.1311A>G/p.I437M, NM_130837.1. One day before transfection, three confluent T175 cell culture flasks were trypsinized, the harvested cells pooled (~27 ml) and 1 ml of the cell suspension seeded in 5 ml of DMEM/FCS/ Pen-Strep in T25 flasks. Bright field microscopy images were taken at 50× magnification prior to transfection and directly before lysis at three different areas of each flask, in order to verify equal cell density across and between the flasks as well as to document potential toxic effects upon AON treatment. Transfection was carried out using Polyethylenimine (PEI, Linear, MW 25,000; Polysciences, Hirschberg, Germany), 100 mg/l in 0.1 mmol/l NaCl, pH 7.8. 412.5 µl of PEI was mixed with different concentrations of the AONs. Polyplexes formed during 10 minutes at room temperature and were later dispersed into the cell culture flasks to a final volume of 7.5 ml per T25 flask. For the PEI-based transfections, the cells were incubated with the oligonucleotide/polyplexes for 6 hours in DMEM supplemented with 10% FCS (DMEM/FCS). After 6 hours the transfection medium was replaced by fresh DMEM/FCS/ Pen-Strep medium. Cells were harvested at different time points, using the Peq Gold total RNA kit (Peqlab, Erlangen, Germany), followed by complementary DNA (cDNA) synthesis with the Transcriptor High Fidelity cDNA Synthesis Kit (Roche, Mannheim, Germany).
RT-PCR and pyrosequencing. cDNA from AON-treated biological triplicates was PCR-amplified using a set of primers that specifically amplifies correctly spliced exon 4b-exon 5 junctions. For relative quantification of paternal and maternal (mutant) allele-derived transcripts we performed pyrosequencing of a common heterozygous SNP in exon 4 (rs7624750) on RT-PCR products (Figure 3 and Supplementary Figure S2 ). Pyrosequencing assay primers were created using the PyroMark Assay Design 2.0 software (Qiagen, Hilden, Germany): N158S-forward (5′-TGGATT-GTGCCTGACATTGT-3′), N158S-biot-reverse (5′-(BTN) CCGTTTCTTCCGGAGAACCTAA-3′), and N158S-seq (5′-TTAGAAAAGCCCTTCCT-3′). Pyrosequencing was carried out using the PyroMark Q96 ID instrument (Qiagen), while the sample preparation and the data analysis were performed according to the manufacturer's instruction.
Western blot. For semiquantitative determination of the amount of OPA1 protein, we performed Western blotting experiments with whole cell lysates using antibodies against OPA1 (BD Biosciences, Heidelberg, Germany, Cat.: 612607), HSP60 (Enzo Life Sciences, Lörrach, Germany, Cat.: ADI-SPA-806-D), and BETA-ACTIN (Merck-Millipore, Darmstadt, Germany, Cat.: MAB1501). A fluorescentlabeled antimouse antibody (LI-COR Biosciences, Bad Homburg, Germany, Cat. 926-32210) was used for signal detection and quantification on an Odyssey Sa instrument (LI-COR Biosciences).
Statistical analysis. Statistical software (SPSS 15; SPSS, Chicago, IL) was used for all the statistical analyses. The Kolmogorov-Smirnov test was used to confirm the normality of the data. The homogeneity of the variances was assessed with Levene's test. To determine concentration dependent AON-effects, factorial analysis of variance tests were performed. One-way analysis of variance tests were used to analyze the AON effect through time. To detect differences between specific time points, post hoc tests were performed. Student's t-tests (normal distribution and homoscedasticity of the data) or U-Mann-Whitney test (normal distribution and no homoscedasticity of the data) were used when comparing two groups. All data are presented as mean ± SD. P < 0.05 was considered statistically significant (P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), P < 0.0001 (****). Graphs were calculated using Sigma-Plot 13 (Systat Software GmbH, Erkrath, Germany). Figure S1 . Frameshifting by inclusion of cryptic exon c and c+. Figure S2 . Pyrosequencing assay for rs7624750. Table S1 . Off-targets for AC AON and BP AON.
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